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Abstract

Due to the unique locomotion, the head-shaking problem of biomimetic robotic fish inevitably occurs during rectilinear
locomotion, which strongly hinders its practical applications. In this paper, we experimentally study this problem by pro-
posing the method of coordination control between the caudal fin and anal fin. First, an untethered biomimetic robotic fish,
equipped with an anal fin, a caudal fin and two pectoral fins, is developed as the experimental platform. Second, a Central
Pattern Generator (CPG)-based controller is used to coordinate the motions of the anal fin and caudal fin. Third, extensive
experiments are conducted to explore different combinations of the flapping frequencies, the flapping amplitudes, and the
phase differences between the anal fin and caudal fin. Notably, through proper control of the anal fin, the amplitude of the
yaw motion can be as small as 4.32°, which sees a 65% improvement compared to the scenario without anal fin, and a 57%
improvement compared to that with a stationary anal fin. This paper provides a novel way to alleviate the head-shaking
problem for biomimetic robotic fish, and first test this method on an untethered, freely swimming robotic platform, which
can shed light on the development of underwater robotics.
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1 Introduction propellers, which suffer from high noise, poor concealment,

low efficiency, etc. With millions of years of evolution, fish

Traditional underwater operating systems, such as subma-
rines, Autonomous Underwater Vehicles (AUV), Remotely
Operated Vehicles (ROV), are mainly driven by screw
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swimming has possessed significant advantages over man-
made vehicles, like fast speed, high efficiency, and excellent
maneuverability. This inspires researchers around the world
to study fish’s skeleton structure and muscle arrangement,
imitate its locomotion and develop fish-like robots, com-
monly known as biomimetic robotic fish. This kind of robot
overcomes the shortcomings of propeller-driven underwater
robots and is particularly suitable for certain practical appli-
cations, e.g., environment monitoring, patrol, and narrow-
space navigation.

However, the biomimetic robotic fish is still not widely
used at present, one of the main reasons is the instability of
its motion, especially the instability of yaw motion. Dur-
ing the rectilinear locomotion, the body of the biomimetic
robotic fish flaps periodically. As a result, the reaction force
from the surrounding fluid environment is generated and
exerted onto the robotic fish, which causes the head to swing
from side to side. This is known as the head-shaking prob-
lem. Head-shaking of the biomimetic robotic fish increases
the drag force, which results in lower propulsion speed and

@ Springer


http://orcid.org/0000-0002-3947-2916
http://crossmark.crossref.org/dialog/?doi=10.1007/s42235-022-00201-4&domain=pdf

1262

J.Ding et al.

efficiency [1, 2]. At the same time, this instability strongly
affects the usage of electronic modules inside the robot, such
as the camera, the sonar, and the depth sensor [3, 4]. Dealing
with this problem, researchers make efforts by optimizing
the mass distribution [5], the body shape [6], and the flap-
ping pattern [7], but the effect is still limited. In nature, vari-
ous fins have an important influence on the swimming speed,
efficiency, and stability of live fish. Thus, introducing vari-
ous fins into the design and control of biomimetic robotic
fish has a solid biological foundation, and it is believed that
by the aid of it, performances of the biomimetic robotic fish,
especially the stability of the yaw motion, can be improved.
As shown in Fig. 1, the fins of a live fish can be roughly
divided into the pectoral fin, the ventral fin, the dorsal fin,
the anal fin, and the caudal fin. Among them, the dorsal fin
and anal fin are most influential in the yaw stability of fish
during rectilinear locomotion.

The morphology and function of the dorsal fin and anal
fin are similar, and their function is mainly reflected in
the process of rectilinear locomotion. Using Digital Parti-
cle Image Velocimetry (DPIV), Drucker et al. found that
the dorsal fin of the sunfish moved ahead of its caudal fin,
which produced an Inverse Von Karman Wake. This resulted
in a 12% increase in the driving force [9]. Tytell [10] and
Standen et al. [11] observed the fluid flow of cruising sunfish
and brook trout, respectively, and proposed that the fish’s
tail would adapt to the vortex generated by the dorsal and
anal fins, thereby promoting the improvement of the driv-
ing force. Through Computational Fluid Dynamics (CFD),
Mignano et al. found that the amplitude and shape of the
driving force were affected by the phase difference among
the dorsal fin, anal fin, and caudal fin [12]. Zhong et al. stud-
ied the effect of the sharpness of the dorsal and anal fin
on the rectilinear swimming performance, finding that the
sharpness of the dorsal fin and anal fin could improve the
speed and efficiency of rectilinear swimming up to 15% and
50%, respectively [13]. Han et al. found that due to the col-
lision between the posterior body vortex, produced by the
movement of the anal fin and dorsal fin, and the caudal fin
leading-edge vortex, the latter was strengthened. Thus, the
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Fig.1 Various fins of fish [8]

Pectoral fin

@ Springer

thrust and efficiency were increased by 25.6% and 29.2%,
respectively. In addition, the anal fin and dorsal fin also had
a significant effect on reducing drag force, which could be
up to 22.2% [14]. Wen et al. installed two dorsal fins and
an anal fin fabricated by fluidic elastomer actuators on a
self-driving robotic fish experimental platform, finding that
erecting the soft dorsal/anal fins significantly enhanced the
linear acceleration rate up to 32.5% over the folded fin state,
while the lateral force decreased by 24.8% [15].

Overall, working principles of dorsal fins and anal fins
have been studied to some extent, but most only performed
CFD simulations or conducted experiments on a fixed/semi-
fix (rail type) robotic fish platform. Taking advantage of
these assistant fins, and integrating them into the design and
control of a free-swimming untethered robotic fish have not
been realized yet. In this paper, we develop a robust, econ-
omy-efficient, free-swimming biomimetic robotic fish with
Central Pattern Generator (CPG) control, and conduct an
experimental study on the improvement of yaw stability by
coordination control between the caudal fin and anal fin. The
contributions of this paper are twofold. On one hand, how
the movement of an anal fin (e.g., flapping amplitude, flap-
ping frequency, phase difference with the caudal fin) influ-
ences the yaw stability is first studied on a free-swimming
untethered robotic fish platform. On the other hand, using
the method of coordination control between the anal fin and
the caudal fin, the yaw stability of the biomimetic robotic
fish is increased. In addition, it should be noted that because
the morphology and function of the dorsal fin and the anal
fin are similar, this paper only focuses on the anal fin.

The rest of this paper is organized as follows. Section 2
introduces the design of the biomimetic robotic fish. Sec-
tion 3 describes the CPG control method to coordinate
movements of different parts of the biomimetic robotic fish.
Section 4 presents three sets of experiments, including labo-
ratory tests and field tests, and Sect. 5 provides a discussion.
Finally, Sect. 6 concludes this article and gives an outlook
on the future research direction.

2 The Design of the Biomimetic Robotic Fish

At present, the biomimetic robotic fish are mainly divided
into three categories [16]: the single-joint/multi-joint
robotic fish [17-19], the robotic fish using smart materi-
als [20-22], and the flexible robotic fish [23-27]. In this
paper, the design of this biomimetic robotic fish combines
the first and last ones, which is rigid-soft coupling. As
shown in Fig. 2, the robotic fish mainly consists of the
following parts: (1) the rigid head; (2) the active body,
and (3) the compliant tail. The rigid head has a sealed
cabin with all the electronic devices inside (such as a con-
trol module, communication modules, power modules, an
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Fig.2 The design of the robotic fish: a The CAD model of the overall robotic fish. b The internal structure of the robotic fish. ¢ The design of
the anal fin. d The front view of the prototype. e The top view of the prototype. f The lateral view of the prototype

inertial measurement unit, and a battery), a pair of pectoral
fins, an anal fin, and three waterproof servo motors (two
motors drive the pectoral fins and one motor drives the
anal fin). The active body has one waterproof servo motor,
a flange, two floating blocks and a soft cover with an
accordion fold. The compliant tail is connected to the end
of the flange, and two rigid floating blocks are used to keep
the robotic fish neutrally buoyant. Finally, the compliant

tail is made of silicone gel through 3D printing, so the
stiffness of the tail can be modulated using silicone gel
of different hardness. In this paper, the Shore’s hardness
of the silicone gel is 30. As for the anal fin, it is directly
driven by a servomotor, which is as shown in Fig. 2c. This
module is installed on the robotic fish through a flange. In
this paper, the anal fin is assumed to be rigid, and its area
is fixed. To maximize the fin-to-fin interactions and, at the
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same time, keep the balance of the structure, the anal fin
is mounted in the middle of the robotic fish.

The design specifications of the robotic fish are detailed
in Table 1. The biomimetic robotic fish is 810 mm in length,
380 mm in width, and 181 mm in height. Its mass is 5.5 kg
in total. The maximum cruising speed is 438.4 mm/s. The
sealed cabin, inside the rigid head, is made of organic
glass materials, and its diameter, length, and thickness are
110 mm, 200 mm, and 5 mm, respectively. It provides a
waterless environment for all the electronics devices, like
the control module, the communication modules, the bat-
tery, etc., ensuring the robotic fish work safely underwater
for a long time. In addition, the control module includes a
microcontroller (STM32F407), an inertial measurement unit
(MPU6050) which is used to obtain the orientation and the
angular velocity, a 7000mAh Li-battery, and a wireless com-
munication module (APC220) for receiving control com-
mands and sending experimental data. In addition, there are
four waterproof servomotors mounted on the fish body. One
(Hitec D845WP) drives the active body and others (Hitec
D646WP) drive the assistant fins, including two pectoral fins
and an anal fin. Due to the complex surface, most parts of
the robotic fish are fabricated by 3D printing. The rigid parts
are made of resin, while the soft parts are made of silicone
gel. In addition, the robotic fish is designed to be neutrally
buoyant, and the overall density is close to the water.

3 The Control of the Biomimetic Robotic
Fish

In this section, the central pattern generator-based control
method is employed to achieve coordinated motion between
the anal fin and caudal fin of the biomimetic robotic fish.

Table 1 The design specifications of the robotic fish

Items Specifications

Dimensions (mm) 810 (L)x 380 (W)x 181 (H)

Length of the rigid head (mm) 420
Length of the active body (mm) 209
Length of the compliant tail (mm) 181
Mass (kg) 5.5
Maximum speed (mm/s) 438.4
Dimensions of the sealed cabin (mm) Diameter: 110
Length: 200
Microcontroller STM32F407ZGT6
Battery 7.4-VDC 7000mAh Li-battery
Inertial measurement unit (IMU) MPU6050 JY61)

Hitec D646 WP (Pectoral fins
and anal fin)
Hitec D845WP (Caudal fin)

APC220

Servomotors

Communication module

@ Springer

Here, we adopt Ijspeert's CPG model. The reasons are two-
fold. On one hand, this model is first used in the salamander
robot, and is proved to be effective in the control of vari-
ous kinds of biomimetic robotic fishes, like the wire-driven
robotic fish [28], the amphibious robot from Institute of
Automation, Chinese Academy of Sciences [29], etc. On
the other hand, this CPG model meets our requirement of
outputting coupled sinusoidal signals, easily modulating the
flapping frequency, the flapping amplitude, and the phase
difference among different CPG notes. The model is as
shown below:

b, =21, + ). (pz; sin(e; — b — @y)), W
J

Zii :pd<%(Di_di)_di>’ )

% =pz<%(zi_zi)_zi>’ 3)

a; = d; + z;cos(¢,), 4)

where the subscripts i and j represent the ith oscillator and
the jth oscillator, respectively,@; represents the phase state,
J; is the control command of frequency, p;; indexes the cou-
pling weight between the ith oscillator and jth oscillator,
@;; 1s the phase difference between the ith oscillator and jth
oscillator. d, is the offset state, p, represents a positive con-
stant value defining the degree of convergence of d; to D;, D;
is the offset command; z; is the amplitude state, p, represents
the positive constant value of the degree of convergence of z;
to Z,, Z; represents the amplitude command; a; is the oscilla-
tor output. In this paper, the phase difference between oscil-
lators corresponds to the motion phase difference between
the anal fin and the caudal fin. Figure 3 illustrates the motion
of the anal fin and the caudal fin when the phase difference
is0T, 1T/4,2T/4, and 3 T/4.

Figure 4 shows the motion control framework of the
robotic fish. There are totally four waterproof servo motors
driving the left pectoral fin, right pectoral fin, anal fin, and
caudal fin, respectively. All servo motors receive pulse
width modulation (PWM) signals and are in position con-
trol mode. Two pectoral fins are used for ascending and
descending, which are independent of the anal fin and the
caudal fin. The anal fin and the caudal fin use the CPG
control method. The caudal fin corresponds to CPG oscil-
lator 1 (CPG1), while the anal fin corresponds to CPG
oscillator 2 (CPG2). There are four control command ( fj,
Z,, D,, ¢;,) for CPG1 and four control command (f,, Z,,
D,, ¢,,) for CPG2. In this work, the caudal fin and the
anal fin perform symmetrical flapping movements, so the
offset commands, D, and D, are set to 0. Moreover, the
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flapping frequencies of the anal fin and caudal fin are kept
in consistent, and @, is set to -@,,. Thus, the total control
command for this CPG network is (f, Z;, Z,, ¢) where f
is the control command of the flapping frequency, Z, and
Z, are the control commands of flapping amplitudes of
the anal fin and the caudal fin, respectively, @ is the phase
difference between the anal fin and the caudal fin. The
output of CPG1 («a;) and output of CPG2 (a,) correspond
to the flapping angles of the anal fin and the caudal fin.
A typical example is as shown in Fig. 5, where p,=p,
=20, coupling weight p,,=p,;=0.5. Originally, the con-
trol command (f, Z;, Z,, ) =(1, 30, 20, 7). Att=4, it is
changed to (1, 20, 10, ), (0.5, 30, 20, =), and (1, 30, 20,
r/4), respectively, which corresponds to the modification
of the flapping amplitude, the flapping frequency, and the
phase difference. It is seen that when the control command
changes, the CPG network can modify its oscillation and
output signals satisfying the control requirement.

Fig.4 The motion control

framework of the robotic fish
Command input

(ascending or
descending)

Servo motor
controllers

7 6 J e}

4 Experiments

The experimental platform is as shown in Fig. 6a, which
mainly includes the biomimetic robotic fish, a computer
where the user interface runs on, wireless transceiver mod-
ules, and a handler. Figure 6b shows an image of the robotic
fish swimming in a water tank of the size of 549 (L) x274
(W)x 132 (H) mm. During experiments, the IMU mounted
on the robotic fish obtains orientation and data are sent back
to the computer through a wireless communication module
(APC220) in real-time. To minimize the experimental errors,
each experiment starts when the water surface is close to
stationary.

Three sets of experiments are conducted to explore how
the anal fin’s flapping amplitude, flapping frequency, and its
phase difference with the caudal fin affect the yaw angle in
cruising. Both the anal fin and the caudal fin follow a sinu-
soidal pattern. The first two experiments are laboratory tests,
while the last experiment is a field test. In Subsection 4.1,
the actuation frequency of the anal fin and the caudal fin is
set to 0.5 Hz, and the flapping amplitude of the caudal fin
is 20°. Then, the flapping amplitude of the anal fin is set
to 10°, 20°, 30°, 40°, respectively, while the phase differ-
ence between the anal fin and the caudal fin varies from O
to 7 T/8. In subsection 4.2, the actuation frequency of the
anal fin and the caudal fin is set to 1.0 Hz, while the rest of
the parameters stay unchanged with Subsection 4.1. Subsec-
tion 4.3 is a field test carried out in open water at Shenzhen,
Guangdong Province, China. Yaw angle of three scenarios
(without an anal fin, with a stationary anal fin, and with
coordination control of the anal fin) are compared.

4.1 Head-shaking of the Robotic Fish
(Frequency=0.5 Hz)

In this experiment, the flapping frequency of the anal fin and
the caudal fin is set to 0.5 Hz, the flapping amplitude of the
caudal fin is fixed at 20°. The flapping amplitude of the anal
fin is set at 10°, 20°, 30°, 40°, respectively, and the phase

Frequency, f
- ; CPGl,
Flapping amplitude of the caudal 16
fin. Z caudal fin
Parameters - 2l
input Flapping amplitude of the

anal fin, Z, CPG2
Phase difference, ¢ anal fin

Servo motor
controllers

@ Springer
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Fig.5 Outputs of the CPG network. The control command changes at
t=4s. a The control command (f, Z,, Z,, ¢) changes from (1, 30, 20,
7) to (1, 20, 10, z); b the control command (f, Z,, Z,, ¢) changes from
(1, 30, 20, #) to (0.5, 30, 20, n); ¢ the control command (f, Z,, Z,, ¢)
changes from(1, 30, 20, x) to (1, 30, 20, n/4 = /4)

difference between the anal fin and caudal fin varies from 0
to 7 T/8 with an interval of 1 T/8. Figure 7 describes the yaw
angle of the biomimetic robotic fish in one typical experi-
ment, in which Fig. 7(a) to Fig. 7(d) correspond to 10°, 20°,
30°, and 40° of the flapping amplitude of the anal fin. The
experimental result shows that the yaw angle changes in the

range of — 10° to 10°. One general trend is that the ampli-
tude of yaw angle (which is also known as head-shaking)
decreases as the flapping amplitude of the anal fin increases.

Table 2 shows the peak-to-peak amplitudes of yaw angle.
Each experiment is conducted 5 times. It is found that when
the flapping amplitude of the anal fin is 10°, the smallest
peak-to-peak amplitudes of yaw angle is 10.66°, reached at
the phase difference of 3 T/8, and the largest peak-to-peak
amplitude of yaw angle is 17.32° reached at the phase dif-
ference of 2 T/8. When the flapping amplitude of the anal fin
is 20°, the smallest peak-to-peak amplitudes of yaw angle is
10.79°, reached at the phase difference of 6 T/8, and the larg-
est peak-to-peak amplitude of yaw angle is 14.83° reached at
the phase difference of 5 T/8. When the flapping amplitude
of the anal fin is 30°, the smallest peak-to-peak amplitudes
of yaw angle is 4.32°, reached at the phase difference of
7 T/8, and the largest peak-to-peak amplitude of yaw angle
is 16.12° reached at the phase difference of 2 T/8. When
the flapping amplitude of the anal fin is 40°, the smallest
peak-to-peak amplitudes of yaw angle is 5.39°, reached at
the phase difference of 6 T/8, and the largest peak-to-peak
amplitude of yaw angle is 15.14° reached at the phase dif-
ference of 2 T/8. Overall, the peak-to-peak amplitude of the
yaw angle is in the range from 4° to 18° when the flapping
frequency is 0.5 Hz. In addition, the smallest head-shak-
ing (4.32°) can be obtained when the flapping amplitude
of the anal fin and the phase difference are 30° and 7 T/8,
respectively.

Figure 8 shows screenshots of fish swimming with-
out anal fin (Fig. 8a) and with proper anal fin movement
(Fig. 8b). In Fig. 8b, the flapping amplitude of the anal fin
is set to 30°, and the phase difference between the anal fin
and caudal fin is set to 7 T/8. It is seen that by setting the
proper anal fin movement parameters, the head-shaking of
the biomimetic robotic fish can be significantly reduced.

(a)

(b)

Fig. 6 The experimental setup: a The robotic fish platform. b The robotic fish swims in a water tank of the size of 549 (L) x274(W)x 132(H)

mm
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Fig.7 The yaw angle of the
biomimetic robotic fish at the
flapping frequency of 0.5 Hz: a
The flapping amplitude of the
anal fin is 10°. b The flapping
amplitude of the anal fin is 20°.
¢ The flapping amplitude of the
anal fin is 30°. d The flapping
amplitude of the anal fin is 40°
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Table2 Comparison of peak-to-peak amplitudes of yaw angle (0.5
Hertz)

Phase difference Flapping amplitude of anal fin

10° 20° 30° 40°
0T 13.79 11.83 13.28 13.36
1T/8 15.58 12.88 10.78 12.81
2T/8 17.32 12.77 16.12 15.14
3T/8 10.66 13.84 15.43 8.50
4T/8 16.36 13.95 13.13 11.16
5T/8 16.32 14.83 11.67 9.68
6 T/8 14.57 10.79 6.08 5.39
TT/8 14.21 10.87 4.32 7.40

Table 3 shows the comparison of the amplitudes of
yaw angle under three different scenarios, i.e., the robotic
fish without an anal fin, the robotic fish with a stationary
anal fin, and the robotic fish with proper anal fin move-
ment. The flapping frequency is 0.5 Hz. It is seen that
the amplitudes of the yaw angle are 12.37°, 10.03°, and
4.32°, respectively. The robotic fish with proper anal fin
movement has the smallest head-shaking, which sees a
65% improvement compared to the one without an anal fin,
and a 57% improvement compared to the one only with a
stationary anal fin.

SOTSILI5D

ST e e
SIS

Fig.8 Screenshots of fish swimming without anal fin and with proper
anal fin movement: a Fish swimming without anal fin. b Fish swim-
ming with the phase difference and flapping amplitude set to 7 T/8
and 30°, respectively
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Table 3 Comparison of
amplitudes of yaw angle in
three scenarios (0.5 Hertz)

The state of the anal fin € imon WJ
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| |

The amplitude of Yaw  12.37

angle (°)

Table 4 Comparison of peak-to-peak amplitudes of yaw angle (1
Hertz)

Phase difference Flapping amplitude of anal fin

10° 20° 30° 40°
0T 13.51 12.48 11.52 10.09
1T/8 12.18 13.35 10.24 9.89
2T/8 10.23 10.21 10.90 9.61
3T/8 12.52 12.76 13.49 8.78
4T/8 10.76 12.03 11.92 8.91
5T/8 14.68 12.76 12.52 13.56
6 T/8 10.51 13.74 13.88 12.64
7T/8 11.15 13.35 11.77 11.07

4.2 Head-shaking of the Robotic Fish
(Frequency=1.0 Hz)

The flapping frequency of the anal fin and the caudal fin is
set to 1 Hz in this experiment, and the rest of the parame-
ters are kept consistent with subsection 4.1. Table 4 shows
the average peak-to-peak amplitudes of yaw angle. Each
experiment is conducted 5 times. It can be seen from the
table that when the flapping amplitude of the anal fin is
10°, the smallest peak-to-peak amplitudes of yaw angle
is 10.23°, reached at the phase difference of 2 T/8, and
the largest peak-to-peak amplitude of yaw angle is 14.68°
reached at the phase difference of 5 T/8. When the flapping
amplitude of the anal fin is 20°, the smallest peak-to-peak
amplitudes of yaw angle is 10.21°, reached at the phase
difference of 2 T/8, and the largest peak-to-peak amplitude
of yaw angle is 13.74° reached at the phase difference
of 6 T/8. When the flapping amplitude of the anal fin is
30°, the smallest peak-to-peak amplitudes of yaw angle
is 10.24°, reached at the phase difference of 1 T/8, and
the largest peak-to-peak amplitude of yaw angle is 13.88°
reached at the phase difference of 6 T/8. When the flapping

amplitude of the anal fin is 40°, the smallest peak-to-peak
amplitudes of yaw angle is 8.78°, reached at the phase dif-
ference of 3 T/8, and the largest peak-to-peak amplitude
of yaw angle is 13.56° reached at the phase difference of
5 T/8. Overall, the smallest head-shaking (8.78°) can be
obtained when the flapping amplitude of the anal fin and
the phase difference are 40° and 3 T/8, respectively.

Table 5 compares the yaw angle amplitudes under three
different scenarios when the flapping frequency is 1 Hz.
It is seen that the amplitudes of the yaw angle are 14.06°,
13.53°and 8.78° when the robotic fish is equipped with no
anal fin, with a stationary anal fin, and with proper anal fin
movement, respectively. The robotic fish with proper anal
fin movement has the smallest head-shaking, which sees
a 38% improvement compared to the one without an anal
fin, and a 35% improvement compared to the one only with
a stationary anal fin.

4.3 Field Test

This set of experiments is conducted to examine how the
biomimetic robotic fish performs in the field, which is
shown in Fig. 9. Figure 9a exhibits the robotic fish swim-
ming in a lake in Shenzhen, Guangdong Province, China.
The robotic fish is capable of three-dimensional multi-
modal swimming, including cruising, turning, ascend-
ing and descending. Figure 9b shows the experimental
setup. A workstation on land is used to send commands
and receive data from the robotic fish. A safety rope con-
nects the robotic fish with the fence in case of an acci-
dent. Figure 9c shows the yaw angle when the flapping
frequency is 1 Hz. The green, blue, and red solid lines
represent the robotic fish with no anal fin, with a station-
ary anal fin, and with proper anal fin movement. It is found
that the robotic fish with proper anal fin movement has
the smallest head-shaking, only 4.59°, which sees a 56%

Table 5 Comparison of Bl b SR _,E e v
The state of th 1fi PR B I = i t
amplitudes of yaw angle in © state of the anat € s e ’E ' ‘ I‘Imm l 1 g
three scenarios (1 Hertz)
The amplitude of Yaw 14.06 13.53 8.78
angle (°)
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Fig.9 The field tests: a The
robotic fish swims in a lake. b
An image of the experimental
setup. ¢ Comparison of yaw
angle when the robotic fish is
equipped with no anal fin, with
a stationary anal fin, and with
proper anal fin movement

(b)

(a)
8
Without anal fin
4 Amplitude: 10.40°
o 2 - g
%;o o With a stationary
: anal fin
E 2 Amplitude: 8.22°
4 I
With anal fin
-6 movement
Amplitude: 4.59°
-8
0 1 2 3 4 5 6
Time(s)
(c)

improvement compared to the one without an anal fin, and
a 44% improvement compared to that only with stationary
anal fin.

5 Discussion

In this paper, we explored the effect of proper control of
the anal fin on the head-shaking of the robotic fish. Both
laboratory tests and field tests are carried out, which veri-
fies the feasibility of the scheme. It is found that when
the flapping frequency is 0.5 Hz, with proper control of
the anal fin, the amplitude of yaw angle can be as small

Fig. 10 Fish swimming with
inverse Von Karman wake

as 4.32°, which sees a 65% improvement compared to
the scenario without an anal fin, and a 57% improvement
compared to the scenario only with a stationary anal fin.
Moreover, when the flapping frequency is 1 Hz, the small-
est amplitude of yaw angle is 8.78°, which also sees a 38%
and 35% improvement. But why can the involvement of
the anal fin reduce the swing amplitude of head-shaking?

As shown in Fig. 10, the fish swims leftwards with a
speed of U. During rectilinear locomotion, counterclock-
wise, and clockwise vortexes appear in the trailing edge
of the caudal fin, and these vortexes shed rapidly when the
caudal fin swings back and forth, which forms the inverse
Von Karman wake. Then, the inverse Von Karman wake

Inverse Von Karman wake

¢ C
C C
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generates backward-facing jet, and the reaction force (F)
of the jet is the driving force of the robotic fish. However,
this reaction force of the jet also has a lateral component
(Fp), namely the lateral force, acting on the fish body.
Finally, the lateral force forms a yaw moment (M), which
causes the head of the robotic fish to swing from side to
side.

In nature, the head-shaking can be actively suppressed by
live fish’s own body. However, the biomimetic robotic fishes
at present do not possess this function due to the limitations
of current actuation and sensor technologies. So this work
deals with this problem by adding additional control of the
anal fin. The effects of the anal are twofold. On one hand,
the hydrodynamic force generated by flapping of the anal fin
also has a lateral component, which can be used to resist the
lateral force generated by the caudal fin. On the other hand,
since the anal fin and the caudal fin flap asynchronously,
the lateral jet generated by the upstream anal fin interacts
with its counterpart generated by the downstream caudal fin,
which corrects the vortex generated by the caudal fin, caus-
ing the lateral force generated by the caudal fin to decrease.
As aresult, the head-shaking of the biomimetic robotic fish
can be reduced by coordination control between the caudal
fin and anal fin.

According to [30], the fin-to-fin interaction increases with
the decrease of the distance between them. Thus, one general
trend may be that the head-shaking can be reduced with
proper coordination control when the distance between the
anal fin and the caudal fin falls. One extreme example is the
double-caudal-fin robotic fish [18]. It can be regarded that
the distance between the anal fin and caudal fin is zero, so
the anal fin becomes the caudal fin. For the double-caudal-
fin robotic fish, the amplitude of the yaw angle is as small
as 2°. However, please note that maneuverability of it is
compromised.

6 Conclusion and Future Work

This paper presents a method to reduce head-shaking of a
biomimetic robotic fish by coordinately controlling the flap-
ping of the anal fin and caudal fin. Systematic experiments,
including laboratory tests and field tests, are carried out on
a free-swimming untethered robotic fish platform. Through
proper control of the anal fin, head-shaking can be reduced
by 65% compared to the robotic fish with no anal fin, or
by 57% compared to that with a stationary anal fin. It is an
effective approach to increase the yaw stability of biomi-
metic robotic fish, and helpful to push them into practical
applications.

In the future, more factors of the anal fin, such as the
shape, the stiffness and the position, will be taken into

@ Springer

consideration. Moreover, how the coordination control
between the anal fin and the caudal fin affects the other
swimming indexes of robotic fish, like the speed, thrust, and
efficiency, will also be investigated.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42235-022-00201-4.

Acknowledgements The paper is funded by Natural Science Founda-
tion of Guangdong Province (#2020A1515110692), National Natural
Science Foundation of China (#51905113), Guangxi Natural Science
Foundation (#2021 GXNSFAA220095), Shenzhen Institute of Artificial
Intelligence and Robotics for Society, SIAT Innovation Program for
Excellent Young Researchers, and SIAT-CUHK Joint Laboratory of
Precision Engineering.

Data Availability Statement The datasets generated during and/or ana-
lyzed during the current study are available from the corresponding
author on reasonable request.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Wolf, Z., Jusufi, A., Vogt, D. M., & Lauder, G. V. (2020). Fish-
like aquatic propulsion studied using a pneumatically-actuated
soft-robotic model. Bioinspiration and Biomimetics, 15, 046008.

2. Xiong, G., & Lauder, G. V. (2014). Center of mass motion in
swimming fish: Effects of speed and locomotor mode during
undulatory propulsion. Zoology, 117, 269-281.

3. Sun, F. H,, Yu, J. Z., & Xu, D. (2015). Stability control for the
head of a biomimetic robotic fish with embedded vision. Robot,
37, 188-195. in Chinese.

4. Pan,J., Zhang, P.F, Liu, J. C.,, & Yu, J. Z. (2020). A novel visual
sensor stabilization platform for robotic sharks based on improved
ladrc and digital image algorithm. Sensors, 20, 4060.

5. Liu, Y. X., Chen, W. S., & Liu, J. K. (2008). Research on the
swing of the body of two-joint robot fish. Journal of Bionic Engi-
neering, 5, 159-165.

6. Clapham, R. J., & Hu, H. (2014). iSplash-MICRO: A 50mm
robotic fish generating the maximum velocity of real fish. In:
IEEE/RS]J International Conference on Intelligent Robots and
Systems, Palmer House Hilton, USA, pp. 287-293.

7. Lou, B. D, Ni, Y. J., Mao, M. H., Wang, P., & Cong, Y. (2017).
Optimization of the kinematic model for biomimetic robotic fish
with rigid headshaking mitigation. Robotics, 6, 30.

8. https://pixabay.com/illustrations/fish-animal-water-isolated-
exotic-1122584/. Accessed 2 Jan 2022.

9. Drucker, E. G., & Lauder, G. V. (2001). Locomotor function of the
dorsal fin in teleost fishes: Experimental analysis of wake forces
in sunfish. Journal of Experimental Biology, 16, 2943-2958.

10. Tytell, E. D. (2006). Median fin function in bluegill sunfish
Lepomis macrochirus: Streamwise vortex structure during steady
swimming. Journal of Experimental Biology, 8, 1516—1534.

11. Standen, E. M., & Lauder, G. V. (2007). Hydrodynamic func-
tion of dorsal and anal fins in brook trout (Salvelinus fontinalis).
Journal of Experimental Biology, 210, 325-339.


https://doi.org/10.1007/s42235-022-00201-4
https://pixabay.com/illustrations/fish-animal-water-isolated-exotic-1122584/
https://pixabay.com/illustrations/fish-animal-water-isolated-exotic-1122584/

Experimental Study on the Improvement of Yaw Stability by Coordination Control between the...

1271

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mignano, A. P., Kadapa, S., Tangorra, J. L., & Lauder, G. V.
(2019). Passing the wake: Using multiple fins to shape forces for
swimming. Biomimetics, 4, 23.

Zhong, Q., Dong, H. B., & Quinn, D. B. (2019). How dorsal fin
sharpness affects swimming speed and economy. Journal of Fluid
Mechanics, 878, 370-385.

Han, P., Lauder, G. V., & Dong, H. B. (2020). Hydrodynamics
of median-fin interactions in fish-like locomotion: Effects of fin
shape and movement. Physics of Fluids, 32, 011902.

Wen, L., Ren, Z. Y., Di Santo, V., Hu, K. N., Yuan, T., Wang, T.
M., & Lauder, G. V. (2018). Understanding fish linear acceleration
using an undulatory biorobotic model with soft fluidic elastomer
actuated morphing median fins. Soft Robotics, 5, 375-388.

Xie, F. R, Zuo, Q. Y., Chen, Q. L., Fang, H. T., He, K., Du, R.
X.,Zhong, Y., & Li, Z. (2021). Designs of the biomimetic robotic
fishes performing body and/or caudal fin (BCF) swimming loco-
motion: A review. Journal of Intelligent & Robotic Systems, 102,
1-19.

Triantafyllou, M. S., & Triantafyllou, G. S. (1995). An efficient
swimming machine. Scientific American, 272, 64-70.

Zhang, S. W., Qian, Y., Liao, P, Qin, F. H., & Yang, J. M. (2016).
Design and control of an agile robotic fish with integrative biomi-
metic mechanisms. IEEE/ASME Transactions on Mechatronics,
21, 1846-1857.

Yu,J. Z., Wu, Z. X., Su, Z. S., Wang, T. Z., & Qi, S. W. (2019).
Motion control strategies for a repetitive leaping robotic dolphin.
IEEE/ASME Transactions on Mechatronics, 24, 913-923.
Wang, Z. L., Hang, G. R., Wang, Y. W., Li, J., & Du, W. (2008).
Embedded SMA wire actuated biomimetic fin: A module for bio-
mimetic underwater propulsion. Smart Materials and Structures,
17,025039.

Kim, B., Kim, D. H., Jung, J., & Park, J. O. (2005). A biomimetic
undulatory tadpole robot using ionic polymer—metal composite
actuators. Smart Materials and Structures, 14, 1579.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Deng, X. Y., & Avadhanula, S. (2005). Biomimetic micro under-
water vehicle with oscillating fin propulsion: System design and
force measurement. In: IEEE/International Conference on Robot-
ics and Automation, Barcelona, Spain, pp. 3312-3317.
Katzschmann, R. K., DelPreto, J., MacCurdy, R., & Rus, D.
(2018). Exploration of underwater life with an acoustically con-
trolled soft robotic fish. Science Robotics, 3, eaar3449.
Valdiviay Alvarado, P., & Youcef-Toumi, K. (2006). Design of
machines with compliant bodies for biomimetic locomotion in
liquid environments. ASME/Journal of Dynamic Systems, Meas-
urement, and Control, 128, 3—13.

Epps, B. P., Valdiviay Alvarado, P., Youcef-Toumi, K., & Techet,
A. H. (2009). Swimming performance of a biomimetic compliant
fish-like robot. Experiments in Fluids, 47, 927-939.

Li, Z., Du, R. X., Lei, M. C., & Yuan, S. M. (2011). Design and
analysis of a biomimetic wire-driven robot arm (pp. 191-198).
ASME International Mechanical Engineering Congress and
Exposition.

Li, Z., & Du, R. X. (2013). Design and analysis of a bio-inspired
wire-driven multi-section flexible robot. International Journal of
Advanced Robotic Systems, 10, 209.

Xie, F. R., Zhong, Y., Du, R. X., & Li, Z. (2019). Central pattern
generator (CPG) control of a biomimetic robot fish for multimodal
swimming. Journal of Bionic Engineering, 16, 222-234.

Yu, J. Z., Ding, R., Yang, Q. H., Tan, M., Wang, W. B., & Zhang,
J. W. (2012). On a bio-inspired amphibious robot capable of mul-
timodal motion. IEEE/ASME Transactions on Mechatronics, 17,
847-856.

Boschitsch, B. M., Dewey, P. A., & Smits, A. J. (2014). Propulsive
performance of unsteady tandem hydrofoils in an in-line configu-
ration. Physics of Fluids, 26, 051901.

@ Springer



	Experimental Study on the Improvement of Yaw Stability by Coordination Control between the Caudal Fin and Anal Fin
	Abstract
	1 Introduction
	2 The Design of the Biomimetic Robotic Fish
	3 The Control of the Biomimetic Robotic Fish
	4 Experiments
	4.1 Head-shaking of the Robotic Fish (Frequency = 0.5 Hz)
	4.2 Head-shaking of the Robotic Fish (Frequency = 1.0 Hz)
	4.3 Field Test

	5 Discussion
	6 Conclusion and Future Work
	Acknowledgements 
	References




